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Abstract 
Free flowing and dust free granules with defined properties can be produced from solid-containing liquids like suspensions, 
solutions or melts by means of fluidized bed spray granulation. In the presented work, granules are produced from a 30 w-% 
solution of sodium benzoate by layering. The granules are discharged through a classifying tube installed centrally in the 
distributor plate of the fluidized bed. New nuclei for the granulation are produced solely internally through overspray. The 
presented experiments investigate the influence of the classifying, drying and fluidizing parameters on nucleation, product 
properties and process stability. 
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1. Introduction 
Granules can be produced from solid-containing liquids as solutions, suspensions or melts by means of fluidized 
bed spray granulation (FBSG) [1]. There are different utilizations of the granulation process. Tan et al. [2] e.g. use 
melt agglomeration to produce their granules. In the spray agglomeration process granule growth is realized through 
a binder agglomerating existing particles. Boerefijn et al. [3] e.g. utilize this process for the agglomeration of 
 
 
* Corresponding author. Tel.: +49-(0)391-67-12319; fax: +49-(0)391-67-18265 
E-mail address: martin.schmidt@ovgu.de 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese Academy 
of Sciences (CAS)
566   Martin Schmidt et al. /  Procedia Engineering  102 ( 2015 )  565 – 574 
laundry powder. Another application of the FBSG process is coating of different materials. Coating is especially 
used in the food and pharmaceutical industry to influence solubility, taste, drug release, etc. (see e.g. Kulah et 
al. [4]). An experimental investigation of the dependence of the particle surface on the process parameters for 
coating of single particles can be found in Karlsson et al. [5]. Granulating particles via the layering mechanism is 
also vastly investigated (see e.g. Hemati et al. [6], Heinrich et al. [7]). During all these processes certain product 
quality parameters have to be achieved. These are e.g. defined particle size, structure, moisture content or bulk 
density. In order to achieve these quality parameters process control is needed. Until now, there is no comprehensive 
understanding of the FBSG process including all process variants, especially the internal nucleation, yet. The 
presented work focusses on the continuously operated layering process. The influence of the operating parameters 
on the particle size, particle structure and on the process stability is investigated. 
2. Process Description 
In the FBSG process solid-containing liquids, e.g. solutions or suspensions are sprayed onto fluidized particles. 
The liquid of the droplets is evaporated by heated fluidizing gas and the solids remain on the particles, leading to a 
layer wise growth [8] (see Fig. 1, left). Iveson et al. [9] give a review of the determining processes for FBSG such as 
wetting, coalescence or layering growth. 
To realize the product discharge for this continuous process, a classifying tube installed centrally in the fluidized 
bed is used. During particle growth also the sinking velocity of the granules increases. When the sinking velocity 
approaches the velocity of the classifying air the granules have the possibility to be discharged accordingly to the 
separation function of the classifying tube (see Fig. 2, left). 
In order to maintain the continuous process with product withdrawal new nuclei for the granulation process are 
needed. These nuclei are not fed externally but produced internally via overspray. The overspray rate o denotes the 
amount of spray droplets which solidify before being spread on the particles. Thus the overspray does not contribute 
to particle growth but directly forms dust particles. The growth process is understood quite well, but for process 
control further knowledge about the nature of overspray and nucleation has to be obtained.  
In the work of Vreman et al. [10] oscillating particle size density distributions occurring in an industrial plant 
utilizing FBSG with internal classification and nucleation are presented. They link these oscillations to different 
rates of overspray and account for the overspray in a simplified way (see Fig. 2, right). For an empty bed they 
assume the whole spray mass flow rate results in overspray, which means the overspray rate o equals one. For an 
increasing bed height up to the height of the spray nozzle the overspray rate is considered to decrease linearly. Bed 
heights above the nozzle height shall result in a constant amount of overspray. For the plant presented in their paper 
they assume a constant rate of overspray of 2.8 %. Furthermore the dust particles formed are considered to represent 
the seed particles for the granulation process. With these assumptions Vreman et al. [10] are able to describe 
occurring oscillating particle size density distributions during the operation of the industrial FBSG plant for a 
specific set of operating parameters. 
 
  
Fig. 1. Left: principle of spray granulation; Right: principle of nucleation (following Grünewald et al. [11]) 
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Fig. 2. Left: Schematic view of the granulation chamber; Right: Assumed dependence of the overspray fraction on the bed height [1010] 
The work of Grünewald et al. [11] presents nucleation studies for limestone in a bottom spray FBSG process. 
They link different drying conditions to different nucleation rates. Also they consider the dust formed by overspray 
(x < 150 μm) to agglomerate first, before representing new nuclei (x ≈ 150 μm) for the granulation (see Fig. 1, right). 
In the presented work the influence of the nucleation behavior on the stability of the whole continuous FBSG 
process will be described due to the drying conditions and the nucleation approaches of Vreman et al. [10] and 
Grünewald et al. [11] are compared to own experimental data. Also the structure of the produced granules is 
investigated according to different operating parameters of the plant used. 
3. Basic modeling 
FBSG processes can be modeled using population balance equations (PBEs) [7,12]. These equations describe the 
temporal evolution of the number density distribution n regarding the external coordinates in space and different 
internal coordinates. In fluidized beds the particles are well mixed and so the external coordinates can be neglected. 
As internal coordinate the particle size x is used. This yields the one-dimensional PBE presented in equation (1): 
 
߲݊
߲ݐ ൌ െ
߲ሺ݊ܩሻ
߲ݔ െ ሶ݊௢௨௧ ൅ ሶ݊௡௨௖ (1) 
 
were G is the growth rate, ṅout the number density distribution flow rate discharged from the fluidized bed and ṅnuc 
the number density distribution flow rate generated by nucleation. A more detailed description of the two mentioned 
flow rates can be found in Heinrich et al. [7] and Vreman et al. [10] but is not necessary for the interpretation of the 
following experimental results. The growth rate G describes the distribution of the solid fraction in the spray on the 
particles in the fluidized bed. For this work G is considered to be dependent on the particle surface and can be 
calculated using equation (2) [7,10]: 
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were csol is the mass fraction of solids in the spray, Ṁsol the spray mass flow rate, ρpart the particle density and Asurf,bed 
the complete surface area of the particles in the fluidized bed. 
4. Experimental setup 
4.1. Material 
The granulation experiments were conducted with sodium benzoate, a white and odorless crystalline solid used as 
a preservative in food industries. A 30 w-% solution of sodium benzoate at ambient temperature was used as a spray 
liquid. 
4.2. Plant  
The experiments are conducted in a fluidized bed with a diameter of 300 mm. The setup of the complete plant is 
visualized in Fig. 3. The particles are fluidized by heated ambient air. The exhaust air passes a cyclone and the 
separated dust is re-circulated into the fluidized bed. After passing a filter the exhaust air was used again in closed 
loop. A condenser removes exhaust moisture to realize a nearly constant inlet moisture of the process air. Then the 
air is heated up again and used for fluidization. The particles are discharged through a classifying tube in the center 
of the distributor plate of the fluidized bed. Compressed air is used as classifying air and is heated to prevent 
condensation in the process chamber. The product granules are collected in a container standing on a scale directly 
beneath the classifying tube. The spray is realized by a two-fluid nozzle. Compressed air at ambient temperature is 
used as atomization gas generating droplet diameters of approximately 40 μm. An external tank and pump feed the 
solution to the nozzle. 
 
 
Fig. 3. Schematic view of the plant used  
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4.3. Experimental plan 
Two sets of experiments were conducted (see Table 1). In the first set the influence of the bed hold-up and thus 
the bed height on nucleation and process behavior is studied by varying the velocity of the classifying air. In a 
second set, the influence of the drying and fluidizing parameters is investigated by varying spray mass flow rate, gas 
inlet temperature and fluidizing gas mass flow rate one at a time. At the start of each experiment sodium benzoate 
particles with a diameter range from 0.1 to 0.6 mm were fed into the fluidized bed for the first set of experiments. 
The starting particles for the second set had a diameter between 0.1 and 0.5 mm. 
The process time for each experiment was between 16 and 22 h. After 3 kg of solution were sprayed into the 
fluidized bed, a sample of the granules in the bed was taken, resulting in 60 to 80 samples per experiment. Only for 
the lowest spray rate (experiment Sol1) the samples were taken after 2 kg of solution sprayed in. This equals a 
sampling time for all experiments between 13 and 17 min. The particle size density distribution of each sample was 
measured offline in a Camsizer (Retsch). Also images of the particle surface were generated via scanning electron 
microscopy (SEM). 
5. Results 
5.1. Influence of the classifying velocity 
In the first set of experiments the classifying velocity was varied to generate different bed hold-ups. The lowest 
classifying velocity of 2.8 ms-1 results in a slightly damped oscillation of the particle size (see Fig. 4, left). For long 
process times the oscillation only takes place in the narrow particle size region of 0.1 to 0.4 mm and represents a 
nearly stationary behavior leading to constant product mass flow rate and mean particle size. 
The increased classifying velocity of 3.3 ms-1 leads to completely changed process stability (see Fig. 4, middle). The 
particle size density distribution clearly oscillates undamped in a broader particle size region of 0.1 to 0.6 mm 
resulting in an oscillating bed mass and product mass flow rate. A further increase of the classifying velocity to 
3.8 ms-1 results in a slightly damped oscillation (see Fig. 4, right). For long process times the particle size density 
distribution is considered to become nearly stationary. The particles grow up to a size of 0.7 mm. Also the bed mass 
and product mass flow rate become nearly constant. 
Comparing all three experiments yields, that the maximum particle size can be controlled by the classifying 
velocity. Also the oscillatory behavior of the particle size density distribution is influenced by changing the 
classifying velocity. The particle structure does not seem to be influenced by the classifying velocity (see Fig. 5). 
The granules from all three experiments seem to be similarly porous. 
Table 1: Experimental parameters. 
 
Experiment Mbed,0 
[kg] 
Ṁsol 
[kgs-1] 
Tg,in 
[°C] 
Ṁg,in 
[kgs-1] 
ug 
[ms-1] 
uclass 
[ms-1] 
xsep 
[mm] 
 
Class1 6 13.6 120 350 1.6 2.8 0.5 
set 1 Class2 6 13.6 120 350 1.6 3.3 0.6 
Class3 6 13.6 120 350 1.6 3.8 0.7 
Ref 4 11.9 130 350 1.6 3.8 0.7 
set 2 
Sol1 4 8.5 130 350 1.6 3.8 0.7 
Sol2 4 10.2 130 350 1.6 3.8 0.7 
Temp1 4 11.9 120 350 1.6 3.8 0.7 
Temp2 4 11.9 140 350 1.6 3.8 0.7 
Gas1 4 11.9 130 300 1.4 3.8 0.7 
Gas2 4 11.9 130 400 1.8 3.8 0.7 
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Fig. 4. Temporal evolution of the particle size density distribution for the experiments with varied classifying velocity (set 1) 
 
 
Fig. 5. SEM pictures of the granules produced in the experiments with varied classifying velocity, from left to right: Class1, Class2, Class3 
5.2. Influence of drying parameters 
The second set of the experiments conducted investigates the influence of drying and fluidizing parameters on 
particle size and particle structure. At first, the influence of the spray mass flow rate is presented. The lowest spray 
mass flow rate of 8.5 kgh-1 (see Fig. 6, left) leads to a batch like evolution of the particle size density distribution. A 
lack of nuclei in the particle size region of 0 to 0.2 mm can be observed. Without new seed particles for the 
granulation the granules in the bed just grow and are discharged until the whole bed is empty. In this case the 
fluidized bed was empty after approximately 20 h of process time. Here it is noted, that q3 is the normalized particle 
size density distribution and thus the curves in Fig. 6 for the experiments Sol1 and Sol2 don’t change in height when 
the process breaks down because they are normalized to the amount of still remaining particles in the bed. 
Increasing the spray rate to 10.2 kgh-1 changes the process behavior only slightly. Due to the higher spray mass flow 
rate the particles grow faster (see equation (2)). There is still a lack of nuclei to observe and so the particle size 
density distribution looks again like one from a batch FBSG and the bed empties out even faster after approximately 
17 h of process time. The single slight oscillation of the particle size does not result from newly generated nuclei but 
from the small particles in the start bed mass. Only at a spray mass flow rate of 11.9 kgh-1 enough seed particles 
could be produced to preserve the continuous process. But in this case the particle size oscillates undamped over the 
whole process time. Higher spray rates could not be achieved due to prevailing agglomeration processes. So this 
experiment was chosen as the reference experiment for the variation of gas inlet temperature and gas mass flow rate. 
Following the influence of the gas inlet temperature was investigated. For the lowest temperature of 120 °C a 
slightly damped oscillatory temporal evolution of the particle size density distribution can be observed (see Fig. 7, 
left). The particle size region of 0 to 0.2 mm shows a lot of nuclei produced. For long process times the high amount 
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of nuclei causes a nearly stationary particle size density distribution resulting in constant bed mass and product mass 
flow rate. The mean inlet gas temperature of 130 °C shows the undamped oscillation already presented for the 
reference experiment (see Fig. 7, middle). A further increase of temperature to 140 °C completely changes the 
process behavior (see Fig. 7, right). The process is lacking nucleation and thus the particle size density distribution 
shows less oscillations and a more batch like shape. At the end of the experiment the bed mass was low and the risk 
of the fluidized bed emptying for long process times exists. 
The structure of the granules also varies with the gas inlet temperature. While keeping the rest of the parameters 
constant, lower temperatures lead to more porous particles (see Fig. 8). 
 
 
Fig. 6. Temporal evolution of the particle density distribution for the experiments with varied spray rate (set 2) 
 
 
Fig. 7. Temporal evolution of the particle size density distribution for the experiments with varied gas inlet temperature (set 2) 
 
 
Fig. 8. SEM pictures of the granules produced in the experiments with varied gas inlet temperature, from left to right: Temp1, Ref, Temp2 
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Fig. 9. Temporal evolution of the particle size density distribution for the experiments with varied gas mass flow rate (set 2) 
The results of the experiments with varied gas mass flow rate are similar to these with varied gas inlet 
temperature regarding particle size density distribution and also particle structure. The lowest flow rate of 300 kgh-1 
results in high nucleation leading to a damped oscillation and thus a nearly stationary process for long process times 
(see Fig. 9, left). The reference experiment with a mass flow rate of 350 kgh-1 shows the undamped oscillation (see 
Fig. 9, middle). An increase in gas mass flow rate to 400 kgh-1 shows a batch like evolution of the particle size 
density distribution again, leading to an emptying of the bed after approximately 18 h of process time (see Fig. 9, 
right). Seed particles formed by nucleation are missing again. 
6. Interpretation of the experimental results 
Different process behaviors could be observed for the experiments of the first set with varied classifying air 
velocity. For the low velocity the separation size of the particles lies in the region of 0.5 mm which also limits the 
range of oscillation leading to a relatively stationary evolution of the particle size density distribution after 10 h of 
process time. The small range of particle growth also leads to only small fluctuations of the bed hold-up, resulting in 
a relatively constant amount of overspray according to Vreman et al. [10]. Increasing the classifying velocity also 
increases the separation particle size. The separation particle size of 0.6 mm also increases the range of oscillation 
for the experiment Class2 from set 1. Here new nuclei preferably are formed, when the large particles were 
discharged and the bed mass decreased significantly leading to a higher rate of overspray. For the highest classifying 
velocity selected the growth time of the particles increases due to the increased separation particle size. Here the bed 
height is considered to be above the nozzle, resulting in a constant overspray leading to the observed nearly 
stationary behavior. Thus by using the argumentation of Vreman et al. [10] regarding the bed height dependent 
overspray rate the above mentioned experiments can be explained. 
The second set of experiments presents the influence of the drying and fluidizing parameters on the nucleation and 
thus on the oscillatory behavior of the process. Intense drying conditions like small spray rates, high inlet gas 
temperatures and gas mass flow rates lead to missing seed particles for the granulation process. Enough dust should 
be formed, but the relatively low residual moisture of the solid particles prevents the agglomeration of dust to new 
granulation seeds postulated by Grünewald et al. [11]. Also high fluidizing gas velocities lead to enhanced dust 
discharge and thus a lower nucleation. Using less intense drying parameters like increased spray rates, lower gas 
inlet temperatures and gas mass flow rates leads to a high rate of nucleation in the considered regime of parameters. 
Less dust should be formed, but the higher residual moisture content of the formed particles favors the 
agglomeration of dust particles to seed particles. Also lower fluidization velocities keep the dust more likely in the 
fluidized bed enhancing the forming of seed particles. Between both limits of the drying parameters undamped 
oscillations of the particle size can be observed. 
For modeling this nucleation behavior the work of Li et al. [13] can be used. Based on the work of Grünewald et 
al. [11] investigating nucleation of limestone in bottom spray fluidized beds, they propose a coupled computational 
fluid dynamics (CFD)-PBE simulation for the continuous granulation process with internal classifying and 
nucleation. There a separate dust fraction (x < 150 μm) is defined, which needs to agglomerate at first, before being 
included in the granule fraction for the further growth process. The agglomeration and growth kinetics are simulated 
by CFD and applied to the PBE to solve the temporal evolution of the particle size density distribution for a set time 
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interval before a new kinetic update is necessary. Nevertheless the kinetic updates via CFD take up to two weeks 
and thus are not useful for dimensioning, optimization and process control of the FBSG process with internal 
classification, yet. 
The difference in particle structure for different drying conditions can be explained according to Hoffman et 
al. [14]. The drying process of sodium benzoate solution is a crystallization process. Moderate drying conditions 
favor crystal growth. Due to the relatively slow evaporation of the liquid, the crystals have a long time to grow and 
thus form porous structures. Intense drying conditions change the drying process of sodium benzoate solution more 
to a precipitation process. Fast evaporation of the liquid leads to a fast super saturation of the remaining solution on 
the particles. So in contrast many crystallization nuclei are formed which have less time to grow and thus form a 
smoother surface on the granules. 
7. Conclusions 
Changing drying parameters have a strong influence on the nucleation process in FBSG with internal 
classification. Intense drying prevents the agglomeration of dust particles to seed particles for the granulation and 
thus leads to an emptying of the fluidized bed due to the lack of new nuclei. In contrast moderate drying parameters 
favor the dust agglomeration leading to a high amount of nuclei. The high rate of nucleation dampens the 
oscillations of the particle size leading to nearly stationary process behavior for long process times. Drying 
parameters in between both limits lead to moderate nucleation and strongly oscillatory behavior of the particle size 
density distribution. Regarding the nucleation, the findings of Grünewald et al. [2] can be confirmed. This means the 
drying parameters control the process behavior and the product quality regarding particle size. 
For a single set of drying parameters with occurring nucleation, the process behavior can additionally be 
controlled by the classifying velocity. Changing bed hold-up seems to influence the overspray rate and thus the 
nucleation like the work of Vreman et al. [10] predicts. Small separating particle sizes lead to small, slightly damped 
oscillations of the particle size which result in a nearly stationary process for long process times due to a nearly 
constant overspray rate for constant bed heights. High separation particle sizes lead to long growth times and large 
bed hold-ups, resulting in a nearly constant and low overspray. This slightly dampens the oscillations of the particle 
size and leads to a nearly stationary process behavior for long process times. The mean separation particle size 
0.6 mm yields strong oscillatory behavior.  
In addition, a change in drying parameters also changes the structure of the product granules. This means process 
control will also have to take the drying conditions into account, if a constant particle structure has to be ensured. 
For changing classifying parameters no change in structure was observed which predestines the classifying velocity 
as a control parameter regarding particle size while keeping a constant product structure. 
Future work will have to focus on overspray generation and formation of seed particles. Only in this way a 
complete understanding of the continuous FBSG process with internal classification regarding the oscillations of the 
particle size can be achieved. 
 
Nomenclature 
A area [m2] 
c mass fraction of solids [-] 
G growth rate [ms-1] 
n number density distribution [mm-1] 
ṅ number density distribution flow rate [mm-1s-1] 
M mass [kg] 
Ṁ mass flow rate [kgs-1] 
o overspray mass fraction [-] 
q3 normalized particle size density distribution regarding particle volume [mm-1] 
t process time [s] 
T temperature [°C] 
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u gas velocity [ms-1] 
x particle size [mm] 
 
Greek letters 
 
ρ density [kgm-3] 
 
Subscripts 
 
0 at starting time of experiment 
bed in the fluidized bed 
class classifying 
g fluidizing gas (air) 
in inlet 
nuc nucleation 
part particle 
sep separation (theoretical) 
sol spray solution 
surf surface 
out discharge 
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